OBJECTIVE: To evaluate the effects of moderate-intensity regular exercise on serum levels of tumor necrosis factor-a a (TNF-a a) and glucose and lipid metabolism parameters. DESIGN: Longitudinal intervention study of a 5 month exercise training program (30 ± 45 minaday, 4 ± 5 daysaweek). SUBJECTS: Forty-one healthy Japanese women aged 41 ± 69 y at baseline; 27 participants in the exercise program. MEASUREMENTS: Body mass index (BMI), waist-to-hip ratio (WHR), percentage body fat, and fasting levels for serum TNF-a a, serum soluble TNF receptor p55 (TNF-RI) and TNF receptor p75 (TNF-RII), serum lipids, HbA 1c , and serum insulin before and after exercise. RESULTS: In overweight to obese subjects, serum levels of TNF-a a, TNF-RI and TNF-RII were signi®cantly higher than those in lean subjects. There were signi®cant correlations between log serum TNF-a a and BMI, percentage body fat, WHR, HbA 1c and log insulin. TNF-RI was signi®cantly correlated with BMI, percentage body fat, WHR and HbA 1c . TNF-RII was also associated with BMI, percentage body fat and WHR. However, the correlation between TNF-RII and HbA 1c did not reach statistical signi®cance. Neither TNF-RI nor TNF-RII was correlated with log insulin. In contrast, TNF-a a, TNF-RI and TNF-RII were negatively correlated with HDL cholesterol. Regular exercise decreased BMI, percentage body fat, HbA 1c , serum TNF-a a, TNF-RI and TNF-RII and increased HDL cholesterol levels. In addition, exercise-induced change in serum TNF-a a was independently correlated with changes in HbA 1c and serum insulin, after being adjusted for the change in fat-free mass. CONCLUSION: Changes in serum TNF-a a that occur with exercise may play an important role in improving glucose metabolism parameters.
Introduction
Tumor necrosis factor-a (TNF-a) has been proposed to mediate obesity-related insulin resistance. 1 ± 3 The expression of the cytokine is elevated in adipose and muscle tissues of obese humans. 3 ± 5 Since TNF-a is likely to inhibit insulin action via an autocrine or paracrine mechanism 1,2 and the circulating concentrations are relatively low, the measurement of circulating TNF-a level is usually not informative. Nevertheless, a recent study in diabetic obese patients has shown increased serum TNF-a levels measured using a high-sensitive assay. 6 The study has also demonstrated a positive correlation between serum TNF-a levels and visceral adiposity. If this is the case, increased circulating TNF-a levels would be linked to the development of insulin resistance in human obesity. However, limited data on this relationship are currently available.
Physical exercise has been shown to improve glucose tolerance and insulin sensitivity 7 ± 9 and to render serum lipid pro®les less atherogenic. 10 Long-term regular exercise is, in particular, recommended as a useful component of treatment for obesity or diabetes. Although, as suggested previously, 6, 11, 12 circulating TNF-a is a potential determinant of insulin resistance, it is not known whether circulating TNF-a levels are related to the improvement in whole-body glucose and lipid metabolism caused by exercise. The aim of the present study, therefore, was to evaluate the effects of moderate-intensity regular exercise on serum levels of TNF-a and its association with glucose and lipid metabolism parameters. Moreover, serum concentrations of two known soluble TNF receptors, the soluble portion of the smaller 55 kDa TNF receptor (TNF-RI) and the larger 75 kDa TNF receptor (TNF-RII), were also examined.
Methods
A total of 41 Japanese women aged 41 ± 69 y with a body mass index (BMI) ranging from 20.4 to 33.8 kgam 2 were studied. There were 12 lean subjects (BMI`25 kgam 2 ) and 29 overweight to obese subjects (BMI!25 kgam 2 ). All of the subjects were healthy non-smokers, and underwent screening procedures that included a medical history, physical examination, routine blood and urine chemistries, and resting electrocardiogram. None of the subjects had diabetes or genetic dyslipidemias and none were receiving any medication known to affect carbohydrate or lipid metabolism. None had participated in athletics or regular exercise before this study. The study was approved by the local ethics committee, and all subjects gave informed consent.
Exercise training
To study the effect of physical exercise on serum TNF-a levels, 27 of the 41 subjects were instructed to complete a moderate-intensity exercise training program. The mean age of the participants was 56 y and the mean BMI was 28.0 kgam 2 (range 23.3 ± 33.8 kgam 2 ). The exercise training involved eight weekly instructional sessions of brisk walking andaor swimming followed by three monthly sessions and a home-based program of four to ®ve exercise periods per week. All sessions were supervised, and subjects were led by trained dietitians and nurses. The participants were instructed to exercise for 30 ± 45 min at 40 ± 50% of VO 2max and were evaluated before and ®ve months after the start of the study.
Data collection
Waist-to-hip ratio (WHR) was used as a measure of body fat distribution. Waist circumference was measured on standing subjects at the level of the smallest girth between the costal margin and iliac crest. Hip circumference was measured at the level of the widest hip girth. Percentage body fat and fat-free mass were determined by bioelectrical impedance analysis (Omron HBF-300, Tokyo, Japan). A blood sample was obtained during the morning after a 12 ± 14 h overnight fast, and serum samples were kept refrigerated at 4 C or frozen at À80 C until analysis. WHR s were available only in the exercise participants.
Analytical procedures
HbA 1c was used as a time-averaged measure of mean blood glucose levels. HbA 1c values were measured by high-performance liquid chromatography (Hi-AUTO Alc, Kyoto Daiichi Kagaku, Kyoto, Japan) with a reference range of 4.7 ± 6.2% of total hemoglobin. Serum insulin concentrations were determined by a chemiluminesence immunoassay (Sankyo, Tokyo, Japan). Serum total cholesterol and triglyceride were measured by enzymatic assays on a Hitachi 7450 Autoanalyzer (Tokyo, Japan) and serum HDL cholesterol by combination of polyethylene glycol-modi®ed enzymes and sulfated a-cyclodextrin (Kyowa Medicus, Tokyo, Japan). Serum TNF-a concentrations were determined using high-sensitivity ELISA (Biosource International, Camarillo, CA, USA). The lower limit of detection for TNF-a was 0.5 pgaml, and the intra-and interassay coef®cients of variation werè 7%. Soluble TNF-RI and TNF-RII in serum were determined using commercially available ELISA kits (Biosource Europe, Fleunes, Belgium). The minimum detectable concentrations for TNF-RI and TNF-RII were estimated to be 50 pgaml and 0.1 ngaml, respectively.
Statistical analysis
The results are expressed as meansAE s.d. Serum TNFa and insulin were log transformed where necessary to normalize their distribution. Differences between groups were evaluated with paired or unpaired t-test, where applicable. Simple linear correlation and partial correlation coef®cients were used to evaluate relationships between variables.
Results
Anthropometric and biochemical characteristics of lean subjects and overweight to obese subjects at the beginning of the study are shown in Table 1 . In overweight to obese subjects, serum TNF-a, levels were nearly four-fold higher than those in lean subjects. Overweight to obese subjects had also elevated serum levels of soluble TNF-RI and TNF-RII compared with lean subjects. Table 2 shows simple correlation coef®cients of TNF-a, TNF-RI and TNF-RII with anthropometric and biochemical parameters. Logarithmic (log) serum TNF-a levels were signi®-cantly correlated with BMI, percentage body fat, and WHR. Both TNF-RI and TNF-RII levels were positively associated with BMI and percentage body fat, but not with WHR. Log serum TNF-a was signi®-cantly correlated with HbA 1c and log serum insulin. Although there was a signi®cant positive correlation between TNF-RI and HbA 1c , the correlation between Regular exercise and serum TNF-a a S Tsukui et al TNF-RII and HbA 1c did not reach statistical signi®-cance. In addition, neither TNF-RI nor TNF-RII was signi®cantly associated with log serum insulin. On the other hand, serum levels of TNF-a, TNF-RI and TNF-RII were negatively correlated with HDL cholesterol levels. Those correlations of log TNF-a were adjusted for age, because a positive correlation between log serum TNF-a and age was found (r 0.38, P`0.05).
After being adjusted for age, the associations of log serum TNF-a with BMI (r 0.63, P`0.01), percentage body fat (r 0.68, P`0.01), HbA 1c (r 0.42, P`0.01), log serum insulin (r 0.31, P`0.05), and HDL cholesterol (r À0.32, P`0.05) remained statistically signi®cant. The correlation between log TNF-a and WHR was of borderline signi®cance (r 0.40, P 0.05) when adjusted for age. As shown in Table 3 , body weight, BMI, and percentage body fat were signi®cantly decreased after exercise. There was a signi®cant increase in serum HDL cholesterol and a signi®cant decrease in HbA 1c values. Figure 1 shows a marked reduction in serum TNF-a levels from 9.0 AE 5.3 to 1.5 AE 0.6 pgaml after exercise. Serum levels of soluble TNF-RI (from 1.7 AE 0.5 to 1.4 AE 0.4 ngaml) and TNF-RII (from 1.5 AE 0.7 to 1.2 AE 0.4 ngaml) were also signi®cantly decreased.
Moreover, the change in serum TNF-a over the study period was positively correlated with changes in HbA 1c and serum insulin by simple regression analysis (Table 4) . Interestingly, the change in serum TNFa was signi®cantly correlated with the change in fatfree mass (r 0.40, P`0.05), but not in fat mass (r 0.13, NS). In fact, fat-free mass has been closely associated with insulin resistance in earlier studies 13, 14 or with HbA 1c and insulin levels in our subjects (data not shown). It is possible that the change in fat-free mass may be a confounder of the association between the change in serum TNF-a and the change in HbA 1c or insulin. Thus, partial correlation coef®cients were determined. After adjustment for the change in fatfree mass, the association between the change in serum TNF-a and the change in HbA 1c remained statistically signi®cant (P`0.01). Also, the association between the change in serum TNF-a and the change in insulin remained independently signi®cant (P`0.05). In contrast, there was no signi®cant correlation between the change in serum TNF-a and change in total cholesterol (r À0.16, NS), triglyceride (r À0.19, NS), or HDL cholesterol (r À0.12, NS). In addition, no signi®cant correlations between the changes in TNF-RI and TNF-RII and the changes in anthropometric and metabolism parameters were found.
Discussion
This study demonstrated that a 5-month program of moderate-intensity exercise resulted in a signi®cant decrease in serum TNF-a levels. TNF-a is a key Regular exercise and serum TNF-a a S Tsukui et al mediator for abnormalities in glucose metabolism, because it is overexpressed in the adipose and muscle tissues of obese humans 3 ± 5 and it may block insulin action in the latter tissue. 4, 5 Although TNF-a action in insulin resistance is likely to be through an autocrine or paracrine mechanism rather than through a traditional endocrine route, 1,2 more recent studies in subjects with visceral obesity 6 or with android obesity 11 have reported a relationship between circulating TNF-a measured by high-sensitive ELISA and insulin resistance, and this is consistent with our observations. In the present study, serum TNF-a was found to be correlated not only with BMI, percentage body fat and WHR, but also with HbA 1c and fasting insulin. Although in vivo insulin sensitivity was not examined in this study, it is probable that serum TNF-a is related to the mechanism of insulin resistance associated with regional fat distribution. However, it remains unclear whether serum TNF-a itself inhibits insulin action, despite its low concentration. We speculate that TNFa produced by adipose tissue may locally affect insulin action in an autocrine or paracrine manner and then it may be secreted into serum. Thus, increased production of TNF-a in adipose tissue might result in increased circulating TNF-a levels.
Previous studies have con®rmed an association between physical exercise and increased insulin sensitivity. 7 ± 9 In our subjects, exercise-induced change in serum TNF-a was independently correlated with changes in HbA 1c and fasting insulin. These correlations might be attributed to the reduction of TNF-a action or production in muscle, because the change in serum TNF-a was positively correlated with the change in fat-free mass but not in fat mass. In addition to our results, studies of animals have indicated that muscle is the major site of increased insulin sensitivity after exercise, whereas adipose tissue contributes to a lesser extent to the increased insulin sensitivity. 15, 16 In contrast to TNF-a, we found no signi®cant associations between the changes in soluble TNF-RI and TNF-RII and the changes in anthropometric and glucose metabolism parameters. The reason for this discrepancy is not well understood; however, we observed signi®cant decreases in soluble TNF-RI and TNF-RII levels after exercise. It is most likely that circulating concentrations of soluble TNF receptors are in¯uenced by serum TNF-a concentrations, because the soluble receptors seem to act as a buffer system that prolongs the biological effects of TNFa. 17 Although it has been demonstrated that soluble TNF receptors may re¯ect more accurately TNF-a action than circulating TNF-a per se in in¯ammatory disorders, 18, 19 the role of the soluble TNF receptors in obesity is controversial. Some studies have reported that circulating levels of soluble TNF-RII but not TNF-RI are associated with BMI and insulin resistance in obese subjects, 14, 20 whereas others found that both TNF-RI and TNF-RII were correlated with BMI and insulin levels in obesity. 2l On the other hand, in the present study, both TNF receptors were not associated with insulin levels despite the strong correlations between the receptors and percentage body fat. This discrepancy is due in part to the greater number of extreme obese subjects enrolled in the former studies. Further studies will be required to clarify the role of soluble TNF receptors in obesity.
A study in obese diabetic patients has shown that serum TNF-a levels decreased with weight loss after dietary treatment. 6 In the present study, our treatment program did not include a strict diet; consequently, the decrease in body weight appeared to be modest. Nevertheless, we found considerable reductions in serum TNF-a and soluble TNF receptors after exercise. These results suggest that not only diet but also exercise alone may weaken an activated TNF-a system in obesity. In addition, it has been demonstrated that low calorie diet therapy decreases the expression of TNF-a in adipose tissue of obese subjects following weight loss. 3, 4 Further studies will be necessary to examine the effect of exercise on the expression of TNF-a in adipose or muscle tissue of obese humans.
On the other hand, HDL cholesterol was inversely associated with serum TNF-a and soluble TNF-RI and TNF-RII levels. This is probably contributed to the inhibitory effect of TNF-a on lipoprotein lipase in adipocytes. 22, 23 However, the change in HDL cholesterol was not associated with the change in serum TNF-a or TNF receptors, although we observed a rise in HDL cholesterol levels induced by exercise. It seems unlikely, therefore, that the reduction of TNFa action may exert a bene®cial effect on serum lipid pro®le in relation to regular exercise.
In summary, serum TNF-a is closely associated with anthropometric and glucose metabolism parameters in previously untrained women, and decreased serum TNF-a levels in relation to physical exercise may contribute to the improvement in glucose metabolism. These data suggest that an elevation in serum TNF-a level may be a component of insulin resistance associated with obesity.
